NEUROBLASTOMA is the most common extracranial solid tumor in infants and children. Despite advances in multi-modality therapy, survival rates for all stages remain a dismal 50%, and therefore, novel therapeutic options are needed to improve patient outcomes. Acquisition of chemo-resistance represents a significant issue concerning the failure to achieve long-term survival in the treatment of neuroblastoma. 1 Failure to respond to conventional chemotherapy may indicate a shift to the malignant phenotype of the disease, and may impose altered molecular regulation involving apoptosis and cell cycle regulation signaling pathways. 2 Hence, novel molecular approaches that upregulate apoptotic pathways in neuroblastoma cells may potentiate the effect of existing anticancer drugs, such as vincristine and etoposide; this would allow for use of lower dosages, thus minimizing potentially serious complications that are associated with chemotherapeutic agents. Vincristine is a vinca alkaloid that disrupts microtubule assembly and arrests cells in metaphase, preventing cell replication. It is part of an arsenal of chemotherapeutic agents commonly used to treat solid tumors based on its mechanism of action to induce apoptosis, which, in part, is mediated by the inactivation of Raf1/MEK/ERK cascade. 3 Some of the unwarranted side effects of vincristine include neuropathy. 4 Etoposide, an epipodophyllotoxin, interferes with topoisomerase II activity and arrests cell division in the late S-G2 phase of the cell cycle; it induces a caspase-3--dependent apoptosis in neuroblastoma cells. 5 Although etoposide is effective in the treatment of neuroblastoma, the side effects as a result of myelosuppression makes it dose limiting in the treatment of this childhood cancer. One of the hallmarks of neuroblastoma is increased cell survival and evasion of apoptosis; this is partly attributed to the synthesis and response to various growth factors and cytokines. Gastrin-releasing peptide (GRP), the mammalian equivalent of bombesin, is both a gut peptide and a neuropeptide that has the potential to induce mitogenic responses in normal as well as various cancer cell types of intestine, lung, pancreas, breast, and prostate. 6 We have previously shown that GRP is notably increased in undifferentiated human neuroblastomas when compared to its benign counterpart, ganglioneuromas. 7 Moreover, we have also demonstrated that GRP treatment induces G1-S phase cell cycle progression in neuroblastoma cells. 8 Suppression of GRP activity with cell surface receptor antagonists or neutralizing antibodies has been shown to inhibit growth 9, 10 and induce apoptosis in cancer cells; 11, 12 however, the molecular mechanisms involved in the inhibition of neuroblastoma cell proliferation upon GRP downregulation are not known. Furthermore, combining conventional chemotherapy with GRP receptor antagonist appears to significantly enhance cancer cell death by a mechanism termed as ''receptor enhanced chemosensitivity.'' 13 Therefore, the purpose of our current investigation was to demonstrate and elucidate, in broader detail, the mechanism by which GRP inhibition induces apoptosis and potentiates the cytotoxic effects of chemotherapeutic drugs in the treatment of aggressive, refractory neuroblastomas.
In this study, we report that silencing of GRP induced apoptosis in neuroblastoma cell lines, JF and SK-N-SH, when administered alone or in combination with chemotherapeutic drugs, vincristine, and etoposide. Moreover, GRP silencing decreased cell proliferation and induced cell cycle exit followed by apoptosis in the neuroblastoma cells. We also observed, at the molecular level, that p53 and its downstream target p21 are upregulated by GRP knockdown, leading to a decreased activation of cell proliferation regulator, ERK. Our findings demonstrate that silencing of GRP promotes apoptosis in neuroblastoma cells and enhances the cytotoxic effects of chemotherapeutic agents by activation of p53-mediated cell death mechanisms.
MATERIALS AND METHODS
Materials. Small interfering (si) RNA transfection. siRNA against GRP (siGRP) and nontargeting control (siNTC) were purchased from Dharmacon Inc., Lafayette, CO. Transient transfection was carried out with Lipofectamine 2000 transfection reagent according to the manufacturer's protocol. Cells were seeded on 6-well plates for RNA or protein preparation and 96-well plates for DNA fragmentation or cell growth assays. After 24 h incubation, media were replaced to serum-free RPMI 1640 containing siRNA (100 nM) and transfection reagent. Cells were harvested for assays daily for 3 consecutive days after transfection with the siRNA duplexes. The experiments were repeated on at least 3 separate occasions.
RNA isolation and real-time RT-PCR. The total cellular RNA extraction was carried out using RNAqueous kit (Ambion Inc., Austin, TX) according to manufacturer's instructions. Applied Biosystems assays-on-demand 20X assay mix of primers and TaqMan MGB probes (FAMÔ dye-labeled) for target gene, human GRP (NCBI Accession No. NM_002091 [GenBank]), and pre-developed 18S rRNA (VICÔ-dye labeled probe) TaqMan assay reagent (P/N 4319413E) for endogenous control were utilized. Singleplex 1-step reverse transcriptionpolymerase chain reaction (RT-PCR) was performed with 80 ng RNA for both target gene and endogenous control. The reagent used was TaqMan 1-step RT-PCR master mix reagent kit (P/N 4309169). The probe for GRP was purchased from Applied Biosystems Inc., CA. The cycling parameters for 1-step RT-PCR were as follows: reverse transcription 488C for 30 min, AmpliTaq activation 958C for 10 min, denaturation 958C for 15 s, and annealing/extension 608C for 1 min (repeat 40X) on ABI7000. Duplicate C T values were analyzed in Microsoft Excel using the comparative C T (DDC T ) method as described by the manufacturer (Applied Biosystems). The amount of target (2-DDC T ) was normalized to endogenous reference (18 s) and relative to a calibrator (one of the experimental samples).
Western blot analysis. Whole-cell lysates were prepared using cell lysis buffer with 1 mM PMSF and incubated on ice for 30--60 min. Total protein (50 mg/lane) was resolved on NuPAGE Novex 4--12% Bis--Tris gels and electrophoretically transferred to polyvinylidene difluoride membranes (BioRad Laboratories, Hercules, CA). Nonspecific binding sites were blocked with 5% milk in TBST (120 mM Tris--HCl, pH 7.4, 150 mM NaCl, and 0.05% Tween 20) for 1 h at room temperature or overnight at 48C. Target proteins were detected by using rabbit or mouse antihuman antibodies (1:500--1000 dilution) for 3 h at room temperature or overnight at 48C. The membranes were washed 3 times and incubated with secondary antibodies (1:5000 dilution) conjugated with HRP. Immune complexes were visualized using the enhanced chemiluminescence system (Amersham Biosciences, Arlington Heights, IL). Equal loading and transfer were confirmed by blotting the same membrane with b-actin antibody (1:5000 dilution). Data are representative of 3 independent experiments with nearly identical results.
DNA fragmentation assay. Apoptosis was measured using a DNA fragmentation assay as previously described.
14 Briefly, cells (100 ml; 5--10 3 10 3 cells/ well) were re-plated in triplicate in 96 well plates 24 h after transfection. Cells were then treated with siRNA for control (NTC) or GRP for 48 and 72 h. Cytoplasmic histone-associated DNA fragments (mono-and oligonucleosomes) were detected using a Cell Death Detection ELISAplus kit according to manufacturer's recommended protocol. The experiments were repeated on at least 3 separate occasions.
Cell proliferation assay. Cells were seeded in 96-well plates at a density of 5--10 3 10 3 cells/well in RPMI 1640 culture medium with 10% FBS and grown for up to 3 days after transfection. Cell numbers were assessed by using Cell-Counting Kit-8 (Dojindo Molecular Technologies Inc., Gaithersburg, MD) daily. Each assay point was performed in triplicate, and the experiment was repeated 3 times for each cell line. The values, corresponding to the number of viable cells, were read at OD450 with EL808 Ultra Microplate Reader (Bio-Tek Instruments Inc., Winooski, VT).
Cell cycle analysis. Cell cycle distribution was analyzed using flow cytometry. Cells were trypsinized, washed once with PBS, and fixed in 70% ethanol. Fixed cells were washed with PBS, incubated with 100 mg/ml RNAse for 30 min at 378C, stained with Propidium Iodide (50 mg/ml) and approximately 1 3 10 6 cells were analyzed on a 5-laser BD LSRII. The percentages of cells in different cell cycle phases were analyzed using FACSDiva version 6.1.3.
Statistical analysis. Scoring index, relative DNA fragmentation, relative mRNA expression, and cell proliferation were expressed as means ± SEM; statistical analyses were performed using 1-way analysis of variance for comparisons between the treatment groups. A P value <.05 was considered significant.
RESULTS
GRP transcript depletion by GRP siRNA. To examine the effects of GRP siRNA on GRP mRNA expression, we used constitutively GRP-amplified (JF and SK-N-SH) human neuroblastoma cell lines. To assess for the reduction in gene expression, cells were treated with siGRP or siNTC over a time course (24, 48 , and 72 h) and total cellular RNA was extracted for analysis of GRP transcripts by realtime RT-PCR. As shown in Fig 1, siGRP resulted in significant GRP mRNA reduction of approximately 80--90% in both JF and SK-N-SH cells after 48 h treatment indicating the specificity of siGRP in our study. Comparable results were also observed at 24 and 72 h post treatment (data not shown).
GRP silencing induces apoptosis. Since we have previously demonstrated that GRP acts as a mitogen in human neuroblastoma cell lines, we next Knockdown of GRP expression using siRNA in GRP-amplified neuroblastoma cell lines. JF and SK-N-SH cells were transfected with siGRP or siNTC, and gene expression was analyzed using RT-PCR. GRP expression was effectively silenced with siGRP when compared to controls (siNTC) in both cell lines examined (mean ± SEM; *P < .05 versus siNTC).
examined the effect of GRP inhibition by siGRP on cell growth and viability. A remarkable increase in apoptosis was detected in both human neuroblastoma cell lines, JF and SK-N-SH, at 48 h after siGRP treatment, as measured by levels of DNA fragmentation, a hallmark of apoptosis (Fig 2, A) . Increases in apoptosis were noted to a maximum of 2.5 fold change. Conversely, siGRP also significantly decreased neuroblastoma cell proliferation, as measured by the Cell Counting Kit-8 (CCK-8) (Fig 2, B) , thus demonstrating dual cellular effects of siGRP on proapoptotic as well as antiproliferative responses in neuroblastoma cells.
Vincristine-and etoposide-induced apoptosis. Chemotherapeutic drugs exert lethality on tumor cells by induction of apoptosis. So, we determined apoptotic dose response curves of 2 commonly used chemotherapeutic agents, vincristine and etoposide. Human neuroblastoma cell lines, JF and SK-N-SH, were treated for 48 h with varying dosages of vincristine and etoposide. Treatment with chemotherapeutic drugs resulted in significant cell death of JF and SK-N-SH cells in a dose-dependent manner. The lowest dosages of vincristine that produced significant apoptosis were determined to be 25 nM and 1 nM for JF and SK-N-SH cells, respectively (Fig 3, A) . Whereas, these values for etoposide were 2 mM for JF cells and 0.1 mM for SK-N-SH cells (Fig 3, B) .
GRP knockdown enhances chemotherapyinduced apoptosis. Individually, GRP inhibition and administration of chemotherapeutic drugs have the same end point---apoptosis of human neuroblastoma cells. Therefore, it is conceivable that GRP silencing could serve as an adjuvant therapy to chemotherapy. Hence, we combined the 2 approaches and measured the level of apoptosis in human neuroblastoma cell lines. JF and SK-N-SH cells were transfected with siGRP, and then subsequently exposed to the lowest dosages of either vincristine or etoposide that produced apoptosis. A significant augmentation in apoptosis was observed for the combination treatment using siGRP and either vincristine (Fig 4, A) or etoposide (Fig 4, B) when compared to chemotherapeutic agent alone. These findings suggest an important role for siGRP as an effective adjuvant therapy to be used in combination with lower concentrations of current chemotherapeutic regimen, thus potentially decreasing the incidence of chemotherapyassociated complications.
siGRP-mediated cleavage of PARP and caspase-3. To further validate our hypothesis that GRP silencing results in human neuroblastoma cell death via an apoptotic pathway, we measured cleavage of PARP and caspase-3, as markers of apoptosis. SK-N-SH cells were transfected with siGRP, and then treated to varying concentration of either vincristine or etoposide for 48 h. siNTC transfected cells served as controls. As shown in Fig 5, dosedependent increases in cleaved PARP protein levels were observed with both chemotherapeutic drugs; these effects were further enhanced when combined with GRP silencing. Similarly, siGRP also produced additive effects on caspase-3 activity, but only with higher dosages of vincristine and etoposide.
GRP inhibition blocks cell proliferation and induces cell cycle arrest. The mechanisms of action for the chemotherapeutic drugs, vincristine and etoposide, have been well elucidated. The cytotoxic effects of vincristine are associated with a cell cycle arrest in the G2/M phase and induction of apoptosis in target cells. 3 On the other hand, studies have reported that etoposide induces apoptosis in neuroblastoma cells in caspasedependent fashion and upregulation of p21. 5, 15 In order to investigate the mechanism by which GRP silencing enhances the capacity of these drugs to induce apoptosis, we next examined cell cycle regulators, namely, p53, p21, and pERK, after siGRP treatment alone. As expected, GRP silencing led to increased expression of p53 and its transcriptional target p21 at 48 h after treatment in SK-N-SH cells (Fig 6, A) . A delayed yet significant decrease in the expression of pERK was observed at 72 h after treatment. In order to determine the effects of GRP silencing on cell cycle progression, we also analyzed SK-N-SH cells using flow cytometry after siGRP treatment. A significant increase in the percentage of cells in apoptotic sub G0/G1 phase was observed when compared to control cells (Fig 6, B) . This demonstrates that upon GRP silencing neuroblastoma cells undergo cell cycle exit, and subsequent apoptosis.
DISCUSSION
In this study, we show that specific, selective silencing of GRP by siRNA leads to increased apoptosis in human neuroblastoma cells that constitutively express high levels of GRP; cell death was strongly associated with attenuation of cell proliferation, and cell cycle arrest in the G0-G1 phase. Moreover, GRP knockdown enhanced the cytotoxic effects of chemotherapeutic drugs routinely used in the treatment of neuroblastomas. Increases in caspase-3 activation and p53 expression after treatment also further validated activation of apoptotic pathway. These observations underscore the significance of silencing GRP, and suggest a potential novel combinational treatment for refractory, chemoresistance neuroblastomas.
siRNA-directed gene silencing is a routinely used molecular tool in laboratories for downregulating a target oncogene. Recent reports have shown effective in vitro delivery of siRNA in neuroblastoma cells.
14 In the present study, we demonstrated that siGRP could be delivered efficiently in neuroblastoma cells to produce significant silencing of GRP mRNA and also its protein products (data not shown). Transient transfection of neuroblastoma cells with siGRP produced specific knockdown of GRP gene expression as early as 24 h; this effect was most notable at 48 h after transfection.
GRP and its equivalent bombesin act as autocrine growth factor to promote cell proliferation in various cancer cell types 16, 17 ; these mitogenic effects of GRP on tumor cells have been well established. Similarily, we have previously shown that overexpression of GRP receptors increases the proliferative capacity of SK-N-SH human neuroblastoma cells. 18 Moreover, we have also demonstrated that GRP treatment induces G1-S phase progression. 8 In this study, we found that silencing of GRP in JF and SK-N-SH cell lines induced significant apoptosis. We also showed that cell proliferation and cell cycle progression are intricately related to GRP expression, as silencing of GRP led to inhibition of both of these processes. Our findings are consistent with reports published by others, in which inhibition of GRP using GRP/ Bombesin analogs inhibited cell proliferation in a variety of cancer cell types. [19] [20] [21] Evaluating drug toxicities and mechanism of action becomes extremely important when designing treatment regimens; this is especially critical for patients with advanced-stage neuroblastoma with a potential to develop drug resistance to conventional chemotherapy. Microtubule-damaging agents, such as vincristine, induce apoptosis in cancer cells via inhibition of ERK/MAPK pathway. On the other hand, topoisomerase II inhibitors like etoposide activate a p53-dependent cell death mechanism in cancer cells. 15 In the current study, we report that both of these chemotherapeutic agents induced apoptosis in human neuroblastoma cells. When the lowest effective dosages of either drug were combined with siGRP treatment, the level of apoptosis was enhanced in both cell lines examined when compared to either drug alone. Targeting neuroblastoma cells with simultaneous use of sublethal dose of chemotherapeutic drugs and GRP silencing has not been reported previously. Thus, our findings in this study suggest a potential novel regimen to overcome resistance in patients suffering with aggressive phenotypes of neuroblastomas.
Failure to activate apoptotic pathways in response to drug treatment as a result of development of chemoresistance has been one of the major hurdles in anticancer therapies. Previous studies have reported a correlation between silencing of caspase activation with that of chemoresistance in neuroblastoma patients with unfavorable outcomes. 22, 23 Here, we demonstrated the activation of caspase-3 and PARP cleavage when JF and SK-N-SH cell lines were subjected to a combination treatment of chemotherapeutic drugs and GRP silencing, indicating additive effects on activation of apoptotic pathway. Consequently, induction of apoptosis via activation of caspase cascade upon treatment with siGRP would allow for potentially bypassing chemoresistance, and thus providing significant therapeutic benefit to patients with advanced-stage neuroblastomas.
Although previous reports suggest the presence of a wild-type p53 gene in neuroblastomas, the functional competence of this tumor suppressor protein in this form of pediatric cancer is controversial. 24 It has been suggested that sequestration of p53 in the cytoplasm leads to an attenuated DNA-damage induced G1 arrest in neuroblastomas. 25 Our data demonstrated that silencing of GRP leads to stabilization of p53 protein in neuroblastoma cells, and thus leading to activation of p21, a transcriptional target of p53. This finding is in agreement with reports by others on reactivation of p53 function in neuroblastomas. 24, 26 However, contrary to previous reports, our cell cycle analysis data suggests an enhancement in cell cycle arrest followed by apoptosis in SK-N-SH cells after GRP silencing. Hence, we postulate that GRP inhibition acts synergistically and/or in parallel with the chemotherapeutic drugs to enhance G1-arrest in neuroblastoma cells, thereby leading to the induction of apoptosis in these cells.
In summary, chemoresistance in patients with refractory neuroblastomas and toxicities associated with conventional chemotherapeutic drugs necessitates the need for novel therapeutics in advancedstage neuroblastomas. Our findings from this study indicate that silencing of GRP, an autocrine growth factor for neuroblastoma, induces significant apoptosis, allowing for chemosensitization. This could potentially allow for use of lower, safer doses of conventional chemotherapeutic drugs in multiregimen treatment modality for aggressive neuroblastomas. 6 cells/well) were plated and analyzed for cells in different phases of the cell cycle using flow cytometry. The percentage of cells in the apoptotic sub G0/G1 phase showed a significant increase after siGRP treatment.
